Whether it is in the textiles, paints and coatings, energy sector, polymers, plastics, woods, sugar chemistry, pharmacy, aerospace and the automotive industries, the multiplicity of applications of furans and their derivatives, have made steady, impressive, and progressive impacts over the last 9 decades. After World War II, due to the shift in focus towards the petroleum-based chemical feedstocks, research, and development studies of these impressive class of lignocellulosic-derived chemicals, slowed down markedly. The trend, however, has reversed remarkably in recent time, due to the pursuit for "green" and sustainable chemical feedstocks, coupled with the increasing concerns over climate change, volatile oil prices and the attendant undesirable environmental issues, associated with fossil hydrocarbons. Chemicals obtained from "green" inedible lignocellulosic biomass, such as: the furans and their derivatives, ranks amongst the most promising, sustainable, and industrially applicable alternatives to various petroleum-derived chemicals; further offering an enormous assortment of unique compounds/materials, and properties analogous to and even exceeding those derived from fossil hydrocarbons. This article reviews selected progresses, so far made, in the field of furans and its derivatives and their application portfolios; while recognising the immense contributions of Peters and Dunlop, who in no small measures, advanced the furan chemical industry during their research efforts at the Oat Hull Research Centre at the Quaker Oats Company, Cedar Rapids, USA.
Introduction
Inedible lignocellulosic biomass is well-known to be a favourable feedstock and its momentous change in the pursuit for green and sustainable chemistry is of great importance in the modern day well-deserved environmental concerns. Their renewability, enormous availability, sustainability, capacity and potential for transmutation into various kinds of chemical compounds, far exceeding those derived from petroleum-based feedstock, has been demonstrated over the years [1, 2] . With global challenges on energy security, non-sustainable petroleum resources, volatile oil prices, global warming, and the attendant environmental challenges, associated with fossil hydrocarbons, studies have demonstrated that, with concerted efforts by governments, industries and policymakers at all levels, in a synergised collaboration with other key players, promoting the use of inedible agricultural residues, such as: oat hulls, rice husks, sugarcane bagasse, woody material wastes, etc., as alternative sources for biobased chemical feedstock, comes with sundry associated benefits, which include, but is not limited to: (a) increased absorption of atmospheric CO 2 as more wood and other lignocellulosic biomass will be cultivated/or grown to feed the process, thereby mitigating global warming, (b) the reduction in the dependence on fossil-derived fuels and chemicals, (c) increased opportunities in the local agricultural sector, which directly impacts on food security and job creation, (d) economic transformation, to mention but a few [3] [4] [5] [6] . For example, a 2019 report by the World Economic Forum (WEF) shows that biobased lignin feedstock, which is an inedible lignocellulosic biomass, ranks top amongst the emerging technologies of tomorrow, and it is envisaged that it will play a key role in the promotion of a circular economy in the near future [7] .
Recently, an inter-agency collaborative initiative, which is co-chaired by the U.S. Department of Agriculture (USDA) and the U.S. Department of Energy (DoE) has released frameworks for advancing the bioeconomy of the United States. This multi-agency strategy is aimed at accelerating innovative technologies that will harness the nation's biomass resources for scalable and cheaper biofuels, bioderivable chemicals and products, and bio-based power for energy security [8] . Furthermore, with the initiation and implementation of the bio-economy strategy and policies for a sustainable Europe, put in place by the European Union (EU), there is no gainsaying that the exigencies of rethinking the current petroleum-dominated world is inevitable [9] , especially for the oil revenue dependent economies. In addition, the European bioplastics (EUBP), i.e., the association representing the interests of the thriving bioplastics industry across Europe, has set out certain guidelines and recommendations to assist in the appropriate benchmarking of innovative bio-derived materials, as against the conventional oil-derived materials [10] . This is to ensure that proper methodologies and evaluation are strictly adhered to when using the life cycle assessment (LCA) criteria to establish and define benchmarks for innovative bio-based technologies and materials [11] .
The advances and progresses, so far made, in science and biotechnology, such as: genetic improvement through selective breeding of lignocellulosic biomass feedstock with characteristic high output-input energy ratios needed to increase sustainable production [12] , biological pretreatment by using microorganisms, such as: bacteria and fungi, which offer improved financial and environmental benefits and the addition of lignin-blocking agents, such as: soybean protein, peptone and maize zein during the hydrolysis process of lignocellulosic biomass [13] [14] [15] , etc., has made it possible for lignocellulosic biomass to be produced at cheaper costs when compared to a barrel of crude oil production equivalence [2, 16, 17] . The complex hetero-matrix constituents' nature of lignocellulosic biomass, consisting majorly of: cellulose, lignin, hemicellulose, pectin, lipids, and other extractable non-structured materials, provides an assortment of possibilities for a variety of derivable chemical compounds and materials, which find use in various applications. However, hemicellulose, remains the primary feedstock for furan-based chemicals and products as shown in Fig. 1 , although it has been reported that they can also be produced from hexoses [2, [18] [19] [20] .
Furans are chemical substances, having the 5-membered heterocyclic nuclei of four carbon and one oxygen atoms. The furan nucleus is a very reactive system, where this reactivity has been attributed to its highly dienophilic nature when compared to the well-known benzene ring. The furan nucleus [2, 22, 23] has the empirical formula of C 4 H 4 O and a chemical structure as shown in Fig. 2 . The nature, chemistry, reactions and characteristics of the furan ring and its analogous chemical compounds have been discussed elsewhere for further reading [24] [25] [26] [27] .
Scope of Review
Although, lots of exhaustive discourses abound on furan series of chemical compounds and their derivatives [28] [29] [30] [31] [32] [33] . Notwithstanding, a literature search using the search phrase "Sustainable + chemicals + furans" demonstrates that there Fig. 1 A simple flow diagram of conversion of lignocellulosic biomass to the furan series of chemicals as adapted from [21] is no known review work which has taken a broader survey of progresses made across selected furan chemicals and their journey into industrial applications, such as we have presented herein (see references with their corresponding scope given in Table 1 ). In addition, our review puts in perspective (evidence of recognition) the foundational works of Dunlop and Peters, and their inestimable contributions in advancing the furan chemical industry, as it is known today.
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Historical Overview
Reports on furanic chemical compounds, date back centuries. For example, Scheele, in 1793, reported that furoic acid (also known as pyromucic acid) was obtained as a by-product of the dry distillation of mucic acid. Then in 1832 Döbereiner [41] accidentally discovered furfural, an especially important furanic compound, while preparing formic acid via the reaction of sulphuric acid and manganese oxide on sugar. However, in 1860 the relationship between furfural and furoic acid was established when Schwanert [42] oxidised furfural with silver oxide into furoic acid, and further demonstrated that furfural is an aldehyde. At about the same time, Ulrich [43] derived furoic acid during the reaction of furfural and alcoholic potassium hydroxide. However, it was the studies by Limpricht et al. [44, 45] that proved that a third member of the series, known as furfuryl alcohol, always formed simultaneously under these conditions. In addition, it was Limpricht that, however, first posited in 1869 that the furan series of chemical compounds are derivatives of cyclic hydrocarbons as we know it today [46] . Notwithstanding, all these historical events, furan and its derivatives remained commercially insignificant until about the 1920 [47] when Peters and Dunlop who, through their work, at the Oats Hull Research facility of the Quaker Oats Company (insert in Fig. 3 ) advanced the furan chemical industry. Between the periods of 1920 and 1953 (over a 30 year period), they actively pioneered, patented, and commercialised a number of furan range of chemical compounds, including: furfural, furan, furfuryl alcohol and other alcohols, furylamines, furanols, halogenated furans, nitrated furans, furyl-glycols, furan metallic compounds, furanic ketones, furancarboxylic acids, furan resins, etc. [22, 48] . Gallium-promoted HZSM-5 zeolites as efficient catalysts for the aromatization of biomass-derived furans Investigated the influence of the Ga loading on the physicochemical properties of Ga-modified HZSM-5 zeolite and its performance in the gas-phase aromatization of 2,5-dimethylfuran with ethylene 2019 [35] Chemical Transformations of Biomass-Derived C6-Furanic Platform Chemicals for Sustainable Energy Research, Materials Science, and Synthetic Building Blocks Perspective covering 5-(hydroxymethyl) furfural (HMF) from 2017 only 2018 [36] Recent advances in catalytic transformation of biomass-derived 5-hydroxymethylfurfural into the innovative fuels and chemicals Focuses on 5-(hydroxymethyl) furfural (HMF) its derivatives only 2017 [37] Recent Development of Biobased Epoxy Resins: A Review
The review mainly focuses on the utilisation of natural resources for the synthesis of biobased epoxy and its curing agents 2016 [38] Recent Trends in the Production, Combustion and Modeling of Furan-Based Fuels This paper reviews the recent progresses made in use of furans, as a class of alternative fuels derived from biomass for transportation. Including recent progress in the characterization of its combustion properties, production processes, theoretical kinetic explorations and fundamental combustion properties. The theoretical efforts are focused on the mechanistic pathways for furan decomposition and oxidation, as well as the development of detailed chemical kinetic models 2018 [39] Furthermore, it is well-known that, the field of furan chemistry, both theoretically and in the applied segment is very huge, and no single work can exhaust its many applications that range, from the chemical, to electrical and electronics, pharmacy, biomedical, medicine, the textile, paints and coatings, plastics industry, to name but a few [2, [49] [50] [51] . Interestingly, according to the density functional theory (DFT) calculations, it has been shown that the heterocyclic furan ring is particularly prone to ring opening, preferably via the C-O bond [52] , which can be harnessed for generating tailored and tuneable products, thereby, broadening the application portfolio of furanic systems whether in bio-refineries and/or application materials as has been exemplified in the work of Fan et al. [53] , when they demonstrated a self-crosslinking elastomeric thermoset via furan ring-opening mechanism.
In addition, this article, will demonstrate selected developmental progresses so far made, in their various industrial applications, since the commercial establishment of the furan chemical industry by the Quaker Oats Company, with no intention of reviewing the chemistry and/or production processes involved, which are available, to the reader, in other literature [22, 24, [54] [55] [56] .
Furan Series of Chemical Compounds
It is now more than nine decades since the first commercial entry of the furans into the industrial chemical market, and it may be of interest to put, in perspective, the promises foreseen for these class of chemicals from the 1920s till date. Where some of these range of furanic compounds, e.g., furfuryl alcohol, have continued to show major developmental strides through the years, others have not been that fortunate in receiving the attention of further research and development. For example, poly-tetra-methyleneether-glycol (PolyTMEG) or polytetrahydrofuran (Poly-THF), employed in the production of Spandex ® (Lycra) fibres, co-polyester-ether elastomers, thermoplastic polyurethane co-polymer elastomers used in footwear, industrial belts, hoses, ski boots etc., was initially synthesised via furanic route processes, however, this fell afoul when petroleum based chemistry took centre-stage, and oil derived 1,4-butanediol (BDO) became the selected/costeffective route for its synthesis, thereby, driving underground, the furanic synthesis route [57, 58] . To the casual reader, the success stories of the furans will suffice, however, to the student, failures are instructive and beneficial.
What started-off, in the 1920s, as a simple (a) analysis of a raw material (i.e. lignocellulosic biomass), led to (b) acid hydrolysis yielding xylose as product, which led to (c) the study of xylose, and the obtaining of (d) furfural in meagre traces, then in noticeable quantities, and then, furfural in drums and tank cars [22] , thereby pioneering the commercialisation of other furanic chemicals, thus, advancing the furan chemical industry. Consequently, exemplifying that creative thinking and innovative ideas play critical roles in advancing the field of chemical sciences. Fig. 3 The Quaker Oats Company's Chemical Plant at Memphis, Tennessee. Quaker Oats produced furfural at this plant as well as the Cedar Rapids, Iowa, and Omaha, Nebraska, plants where Peters and Dunlop synthesised and commercialised a range of furan based products [22] Currently, there is scarcely any field of chemical industry that the furan series of chemical compounds and/or their derivatives has not found use, and with the renewed interests in renewable and sustainable chemical feedstock, the future seems to hold even better promises for inedible lignocellulosicderived bio-products such as the furans.
Furfural
In any discussion on the furan chemicals, furfural has a prominent place. Amongst the first commercialised furan chemical compound, by the Quaker Oats company in 1921, it has remained, one of the most exceptional, invaluable, and versatile chemical to come from inedible lignocellulosic biomass feedstock [22, 59] . Furfural, referred to in other texts, as 2-furaldehyde or furfuraldehyde, has the chemical structure as depicted in Fig. 4 , a molecular weight of 96.08 g/mol and has the empirical formula C 5 H 4 O 2 [56, 60] . As at 1947 (25 years after its commercialisation), there were over 3000 patents already granted on various applications of furfural and its derivatives. From its early stage, furfural has shown, a lot of promise and has since not disappointed over the years, despite the dominance of petroleum-based chemistry [59, 61] .
Selected uses/applications
In 1927, furfural found application as an excellent liquid/liquid extractant useful in the removal of aromatics from diesel fuels in order to improve on the ignition properties and has become an indispensable chemical in the petroleum refining industry [56] . As a fungicide, furfural is well-known to be particularly effective in inhibiting the growth of wheat smut (Tilletis foetens) [56] . As a fuel, it was used to run automobiles through the streets of Chicago instead of gasoline [49] . Furfural finds application as a nematocide and interestingly, in South Africa it is registered as nematicide ® and has since replaced methyl bromide, carbamates, and phosphide-based chemicals [62] . It finds usage as an odourant in candles and as an eco-friendly preservative for agricultural seedlings. Its application in the tobacco industry has never been revealed. As an industrial solvent, it has the unique capability to dissolve unsaturated olefins and still it is the selective solvent employed, industry-wide. It is employed in the rubber industry to separate and purify C 4 and C 5 hydrocarbons [56] . And its derivatives employed as accelerators in rubber vulcanisation [63] . In water engineering, furfural is employed in the control of slime deposits in water supplies and in medicinal products in order to treat athlete's foot [49] .
The antiseptic properties of furfural has been mentioned by Dunlop et al. [22] ; and its effectiveness against E. typhi has been discussed by McGuigan [64] . The significant absorbing power of minute quantities of furfural for ultraviolet radiation has been studied [65] , this may be of interests to some particular industry today. Furfural has long been known to possess a high dielectric constant; for example, if the more common solvents are arranged in the order of their dielectric constants, furfural stands above such well-known dissociating agents as acetone, methyl alcohol, ethyl alcohol and acetonitrile [66] .
Dixit et al. [67] have demonstrated that Cefadroxil drug loaded biopolymer films of Chitosan-Furfural Schiff base, employed in drug release systems, evidenced a superior drug diffusion, and better antibacterial activities when compared against the films prepared using Chitosan alone. Furfural finds application as a decolourising agent refining of crude wood rosin. In the steel industry, furfural has been employed in the manufacture of abrasive wheels and brake linings. Furthermore, furfural remains a unique chemical feedstock for other important furan derivatives e.g., methylfuran, fufurylamine etc., as shown in Scheme 1 [49, 56, 60, 62, 68] .
It has also been demonstrated, from several studies, that furfural is a renewable and sustainable platform for production of the important C 4 and C 5 chemicals [70] [71] [72] , which find applications in the fuel industry [73] . Furfural, as an activation agent, improves the rheological properties of asphalt binders, such as crumb rubber modifiers and also reduces asphalt oxidative ageing [74, 75] . A similar report has demonstrated that a stabiliser group containing furfural, exhibited better anti-aging properties and road performance when compared to other anti-aging systems so employed [76] . Furfural finds application in the manufacturing of resins [77] , and plastic casts [78] . For example, the very reactive phenol-furfural resins when prepared and transferred into preheated moulds, are well-known to replicate the moulds with respect to dimensions, finishing and even polishing of the mould cavity.
These resins are known to completely react inside the mould forming solid products with no air voids, and also do not distort or lose the transferred polishing when ejected from the mould, even at full mould temperature [59] . In addition, these resins possess excellent flow and electrical properties and usually find applications as structural wood adhesives and as cold-setting-binders for foundry core sand [79] . However, a sustainable resol-type resins [phenol-furfural-glucose (PFuG), phenol-furfural (PFu), and phenol-glucose resins] were synthesized via alkali catalysis which displayed very interesting properties for targeted applications such as: wood adhesives [80] . Highly phenol substituted bio-oil-phenol-formaldehyde (BPF) adhesives Fig. 4 Chemical structure of furfural [56] prepared via the phenolization-copolymerization method, in which furfural was used as a novel crosslinking agent to improve the bonding performance, has been demonstrated. This material exhibited an enhanced bonding performance above the well-known phenol-formaldehyde resins [81] . Varela et al. [82] has described the application of an ecofriendly resin, containing furfural, known as cardanol-furfuraldehyde/maghemite, which has magnetic properties and capabilities to absorb petroleum oil spillage on water surface at a ratio 1:10. Hence, presenting a promising process for oil spill clean-up.
The hydrogenation of furfural to cyclopentanone, for the efficient utilisation of biomass-derived chemicals has been presented [83] ; cyclopentanone is a versatile chemical compound that finds numerous applications in several industries such as in the pharmaceuticals and rubber sector [84] . Furthermore, recent past studies, has demonstrated the production of high yield diesel and jet fuel range alkanes from furfural, reinforcing the opportunities and possibilities that furan-based chemicals afford us in the quest for sustainable chemical feedstock, fuel and energy [85, 86] .
Furfuryl Alcohol
Furfuryl alcohol referred to, in some texts, as 2-furylcarbinol or 2-furanmethanol, has been noted as one of the most important derivatives of furfural with, an almost inexhaustible, range of industrial applications [22, 87] . Furfuryl alcohol, is a colourless-to-pale yellow liquid system [2] , which, however, on prolonged exposure to daylight and/or air turns brown and sometimes dark-red. It has an empirical formula C 5 H 6 O 2 and a chemical structure as shown in Fig. 5 .
In 1934 the Quaker Oats company successfully commercialised furfuryl alcohol and it has remained one of the top competitive and versatile furanic series of chemical compounds that has refused to be relegated to oblivion by the dominant petroleum-based chemical industry. It has been noted that over 60% of furfural produced worldwide are converted into furfuryl alcohol, as its range of applications keeps expanding [2, 56] .
Selected Uses/Applications
Amongst the earliest range of applications of furfuryl alcohol was in the production of corrosion resistant resins (pre-polymers and/or oligomers of furfuryl alcohol) used for moulded articles and laminates that are employed in industries such as: the aerospace and the auto industries. Its range of applications, however, further widened into the commercial wood industry, where its major use is in wood preservation [88] [89] [90] , Scheme 1 Furfural is a precursor for other important chemicals [69] Tetrahydrofurfuryl Alcohol Fig. 5 Chemical structure of furfuryl alcohol [2] and then the foundry industry, where it has remained the main constituent of furan foundry binders, that is employed in the "FURAN NO-BAKE", "furan HOT-Box" and "furan SO 2 " metal-casting processes, respectively [91, 92] .
Furfuryl alcohol is employed in the production of fibre-reinforced plastics which are highly corrosion-and fire-resistant. It is also used in the making of polymer concretes, flavourings, fragrances, foams, and wood adhesives. It is a high carbon precursor for the production of highgrade carbon-carbon materials, employed in the automotive and aerospace industries, for production of rocket motors, heatshields, aero-engine components, etc., to mention just a few [2, [93] [94] [95] . More so, in a yet to be published study, we successfully synthesised a furfuryl alcohol resinous material from a condensation reaction which exhibited a molecular weight (M w ) above >100, 000 g/mol, which is very atypical. When we cooled this resin to room temperature, it cured into an infusible glass-like material, which refused to shatter and was difficult to break using a common laboratory plier.
In the recent past, a new generation of sustainable green biocomposite railway door was successfully developed by TRB Light Weight Structures Ltd in the United Kingdom which employed carbon fibre reinforced polymer (CFRP) and a "prepreg" of furfuryl alcohol [96] ; a first of its kind in the market, with an estimated lifespan of 40 years, which has been demonstrated to be more robust, fatigue resistant and has exceptionally low maintenance cost when compared to its aluminium equivalent. However, its most interesting feature is the fact that this railway door meets, and even exceeds, the most demanding fire, smoke and toxic fumes (FST) specifications in subterranean (over-ground and underground) rail applications such as: the British standard fire testing (BS-6853 and BS-476), as well as being EN-45545 HL3 (European railway standard for fire safety) compliant.
Furfuryl alcohol undergoing a controlled furan ringopening reaction can be tuned to produce tailor-specific materials, with very impressive properties, which can find targeted industrial applications [97] . This argument is further supported by the studies of Iroegbu et al. [69] , who demonstrated in their work, that due to the complex reaction that furfuryl alcohol can undergo during a polymerisation reaction, in varied reaction conditions, it has the potential to transfer or carry-over its monomeric functionality to the oligomeric and even, the polymeric states. Inferring that, the bi-functional monomer of furfuryl alcohol can become -tri and/or -tetra functional during a step-growth condensation reaction, hence leading to a wide range of polymer products. A study has evidenced how pentane-1,2,5 triol, an important biorenewable C5 alcohols, can be synthesised from furfuryl alcohol, in a 100% conversion, employing a gas-phase hydrogenation via the Achmatowicz rearrangement mechanism [98] .
Arnaiz et al. [99] has established that furfuryl alcohol derived high-end carbons can be used for ultrafast dual carbon lithium capacitors. In their work they demonstrated that, hard carbons (HCs) produced from polymeric furfuryl alcohol exhibited specific structural and textural characteristics with peculiar attractive performance in high power energy applications. In addition, the lithium ion capacitor (LIC), so produced, showed excellent high-energy properties, which exceeded the highly challenging energy density barrier of 100 Wh kg −1 AM at a high power of 10 kW −1 AM. The LIC was also shown to achieve a good cycle life, as it retained 83% of its initial capacitance after 10,000 cycles at 10 Ag −1 .
Furfuryl alcohol can also be used to produce high-grade fuels such as diesel and kerosene via oligomerisation-hydrogenation methods [87] . A new study has given insights into how microwave-assisted catalysis can be deployed in the upgrading of bio-based furfuryl alcohol to alkyl levulinate over commercially available non-metal activated carbon. Thereby, demonstrating the opportunity for an economical and environmentally benign conversion biomass derivatives into fine chemicals, even though the chemistry of the reactions are yet to be understood [100] .
The polymers of furfuryl alcohol is used for the synthesis of carbonaceous composite membranes employed in water desalination [101, 102] . Nanostructured carbons, nanocomposites, and hollow carbon spheres which find industrial applications such as: molecular sieve adsorbents, membranes, catalysts, and components for electrochemical and electronic devices, etc., has been produced from furfuryl alcohol [103, 104] . Jinwoo et al. [105] have shown that low-cost mesocellular carbon foams produced from furfuryl alcohol can be used in catalysts support systems, high performance adsorbent materials for bulky pollutants, and in highly efficient electrode systems. Primkulov et al. [106] in their work produced a 3D printed furfuryl alcohol resinbased sandstone material, shown in Fig. 6 , which exhibited an unconfined compressive strength of 19.0 MPa.
It has also been demonstrated, that a cheap and green sustainable formaldehyde-free rigid foams with outstanding thermal properties have been produced from furfuryl alcohol [107] , which finds industrial applications; further demonstrating the possibilities the furan chemicals present.
Hydroxymethyl Furfural
A l s o k n ow n a s 5 -hy d rox y m et hyl f u r f u r a l o r 5-(hydroxymethyl)-2-furaldehyde (HMF), hydroxymethyl furfuraldehyde etc., it has an empirical formula C 6 H 6 O 3 and a chemical structure given in Fig. 7 . This aldehyde compound, as many others such as: 5-(bromomethyl)-and 5-(chloromethyl)-furfural, had only a few mentions, when compared to furoic acid, furfuryl alcohol and furfural in the works of Dunlop et al. [22] ; probably due to the fact that not much was known of its potentials. Its inherent capabilities, as chemical compound, laid fallow for decades until in the recent decade when it was classed amongst (the few) selected biobased chemicals reviewed list of the US department of Energy (DoE) "Top 10 +4" value-added chemicals from biomass [108] ; this was an addition to the previously released DoE list [109] .
HMF alongside other identified furanic compounds such as: 2,5-furan-dicarboxylic acid (2,5-FDCA) and 2,5-dimethylfuran (2,5-DMF) have been referred to as the "sleeping giants" of renewable intermediate chemicals, due to the fact that they offer major routes for achieving sustainable energy supply, and the production of valuable chemicals [110] [111] [112] .
The huge challenge for the process of HMF is cost efficiency. It has been pointed out that there is yet no known efficient and economically viable process for its industrial upscaling [112] ; thus, presenting an opportunity for future research.
Selected Uses/Applications
The applications and uses of HMF encompasses a widerange of industries such as: the packaging, construction, textile, cosmetics, health, and food industries. However, currently its production is targeted at selected downstream bulk chemicals segment, such as: fuels and the plastics industry. HMF finds use as a replacement for formaldehyde in resins, adhesives and coatings; and as a precursor to 2,5-furandicarboxylic acid employed in the synthesis of polymers such as: polyethylene furanoate [111] [112] [113] [114] . An active patent exists that has demonstrated the method for the synthesis of organic acid esters from HMF and their applications [115] .
It is well-known that aldehydes such as HMF are indispensable building blocks in organic synthesis. Moreover, the presence of different functional groups on this platform chemical makes it an exceptional starting material for the preparation of various fine chemicals. The added advantage of its highly electrophilic characteristics (a characteristics of aldehydes) gives it the capability to partake in nucleophilic reactions, which allows for the formation of single, double, triple bonds and/or the formation of carbon-heteroatom bonds via condensation reactions, resulting in the transmutation of HMF into other fine chemicals as shown in Scheme 2 [111, 112, 116 ].
Furan-Dicarboxylic Acids (FDCA)
Generally speaking, the carboxylic acids of the furan series of chemical compounds have the carboxyl group either directly linked to the furan nucleus (such as in: furancarboxylic acids) or to a substituent group say a methyl or vinyl group (such as in: furylalkanoic acids or furylalkenoic acids) [22] . However, the earliest known first-generation furan-carboxylic acids include: 2-furoic acid, 3-furoic acid, 5-methyl-2-furoic acid, 2-furylacetic acid, 2,5-furandicarboxylic acid and 3-(2-furyl) acrylic acid, with corresponding chemical structures shown in Scheme 1, and Fig. 8 , respectively [22] .
2,5-Furandicarboxylic Acid (FDCA)
Amongst the furan based polycarboxylic acids reported in their work [22] such as: 2,3-, 2,4-, 3,4-, 2,3,5-and 2,5-furandicarboxylic acids respectively; only the latter has gained comparative prominence over the years [26, 117] . Although, the potentials of 2,5-furandicarboxylic acids (2,5-FDCA) has been known for decades, however, industrial production of this important building block has been pursued without success until in recent years [118] . Known in early literature as pyromucic acid, this organic compound [119] has an empirical formula C 6 H 4 O 5 and a chemical structure already depicted in Fig. 10 [22] . It was first described by Fittig et al. [120] who derived it from the reaction of fuming hydrobromic acid and mucic acid. However, Seelig et al. [121] demonstrated that hydrochloric acid could also be used as a replacement for hydrobromic acid in the same reaction. In 1901 Yoder et al. [122] reportedly, employed concentrated sulfuric acid, instead of hydrobromic acid, and obtained similar results. However, recent reports [111] indicate that the conversion of HMF into 2,5-furandicarboxylic acid is a well-known synthesis route [114, [123] [124] [125] . Notwithstanding, the optimisation of these processes for the conversion of 2,5-FDCA into value-added chemicals and products has been dogged with challenges such as design optimisation as well as process integration [126] . In addition, it has been noted that, most frequently used catalysts for the chemical-catalytic methods, which employed the oxides of noble metals, came with high costs, inadequate availability, and attendant recyclability challenges. Although, transition metal oxides were reported as better alternatives to the relatively expensive noble metal oxides, however, their relatively low yield of 2,5-FDCA presented a limitation [125, 127] .
Notwithstanding, Motagamwala et al. [127] have demonstrated an improved process for the conversion of fructose to HMF and then oxidising the HMF into FCDA by employing a mixture of organic solvents and heterogenous catalyst. However, Avantium (https ://www.avant ium.com/) has since developed and patented an innovative catalytic process which is not just efficient, but has been shown to be favourably economical in the transmutation of carbohydrates into a new class of molecules known as YXY building blocks, or referred to as the "Furanics", which are based on 2,5-furandicarboxylic acid. Furthermore, the chemistry of this revolutionary catalytic process has further expanded the multi-billion-euro market of 2,5-FDCA including its applications in the plastics, plasticisers, thermosets and coatings industries, as Avantium in 2014 reached an agreement with top players in the beverage, food, and plastic packaging industry such as the Coca-Cola company and Danone to develop bottles exclusively based on 2,5-FDCA for their packaging needs [128, 129] .
Selected Uses/Applications
Literature has evidenced the potential application of 2,5-FDCA as a sustainable replacement for the derivative of a variety of important petroleum based chemicals, such as terephthalic and adipic IV: chemical structure of 2,5-furandicarboxylic Acid. V: chemical structure of 3-(2-furyl) acrylic Acid [22] acids [127, 130, 131] . Although the endless possibilities in the applications of 2,5-FDCA has been mentioned, however, as a monomer it has been noted to find application in the synthesis of biobased renewable polyesters, polyurethanes, and polyamides used in a wide variety of domestic and industrial products such as ropes, textiles, coatings, gums, footwears, among many other uses [22, 26, 118, 127, 129] . However, its most dominant commercial applications is in the production of polyethylene furanoate (PEF), which has been projected as a potential replacement for the ubiquitous polyethylene terephthalate (PET) which is largely synthesised from petroleum resources [132] . It has been reported that although there are diverging pathways for the synthesis of PEF, they all still share the same general recipe as demonstrated in scheme 3, which shows the different methodological approach employed by Corbion and Synvina [132, 133] . A 2019 projection has argued that by the year 2023 PEF would be able to offer a sizeable commercial availability worldwide [134] .
In comparison, PEF has been shown to possess better and improved application properties than PET which includes: (a) improved gas barrier. For example, PEF has an O 2 barrier that is 10 times higher than that of PET and has a CO 2 barrier that is 6-10 times better than PET respectively, which bears a direct impact on the preservation and prolongment of the shelf life of beverage drinks and food items [132] . For example, in carbonated drinks this property will help better preserve their fizzy by keeping the O 2 out and keeping the CO 2 in; (b) PEF's water barrier has also been noted to be as twice as good as that of PET's, which implies that food items that requires their inherent water contents remains and/ or those hygroscopic food items such as the common table salt that requires water contents are kept out longer while on the shelf will find PEF packaging more attractive [135] ; (c) PEF also exhibits better tensile modulus and remarkable thermal properties [136] . For example, the glass-transition temperature (T g ) of PEF is 86 °C compared to the 74 °C of PET. Moreover, the melting-temperature of PEF is 235 °C as against the 265 °C of PET. In addition to these interesting properties, it has been noted the positive impact a 100% plant-based production will have on a circular economy [118, 127, 132] . It has been claimed by Burgess et al. [137] that these observed improvement in the properties of PEF over PET are traceable to the differing sub-ambient mechanical relaxation behaviour and motional processes of the furanic and phenyl rings of the PEF and PET, respectively. In addition to these mentioned advantages of PEF over PET, it also means that it will require lesser additives in the production of PEF polyester bottles, which consequently translates to a "greener" next-generation of plastic bottles with better recyclability [138] ; thereby having the advantage of eco-friendliness than PET.
Lam et al. [139] have demonstrated the application potentials of PEF as a replacement for commonly used PET in flexible optoelectronic devices. By coupling PEF plastic substrate with silver nanowires (Ag NWs), a flexible, conductive film was developed. PEF exhibited around 90% in the visible wavelength range (390-750 nm). Furthermore, the presence of the polar furan moiety inherent in PEF enabled an intense interaction with Ag NWs to Ag NWs adhesion, as was exemplified by the improved bending and peeling durability that is currently obtainable in PET substrate. The study concluded that the efficiency of conductive PEF/Ag NWs films in fabricating efficient flexible organic thin-film transistor and organic photovoltaic (OPV) using PEF/Ag NWs was more promising, eco-friendly and better.
Corbion Approach
Synvina Approach
2-Furoic Acid
This furan carboxylic acid has been noted as being the earliest isolated compound in the class of the furan series. Sometimes referred to as simply furoic, pyromucic or furan-2-carboxylic acid in texts, it has the chemical structure depicted in Fig. 9 , with an empirical formula C 5 H 4 O 3 [22, 140] .
Since its discovery, by the direct action of heat on mucic acid [40] , other early reports have demonstrated the derivation of this compound from carbohydrate materials such as saccharic acid [141] , iso-saccharic acid [142, 143] , and arabic acid [144] . Dunlop and Peters reported that the reaction leading to 2-furoic acid proceeds by way of the intermediate formation of 2,5-furandicarboxylic acid ("dehydromucic acid"), further undergoing thermal decomposition with the loss of carbon dioxide to yield the acid. However, this yield is poor and has undesirable side-reactions yielding isopyromucic acid [22] . However, it was demonstrated that a better starting material for the preparation of 2-furoic acid was using the readily available furfural by the method of disproportionation of the latter to the acid and furfuryl alcohol by the well-known Cannizzaro reaction. Howbeit, this method has its limitations, e.g. since two moles of furfural are required to yield one mole of furoic acid, this means, that it will require twice the molar ratio of furfural to produce one molar ratio of 2-furoic acid. Moreover, there is the problem of separating this acid from the furfuryl alcohol which is formed simultaneously. Moreover, due to the ready resinification of the alcohol, isolation of the of the acid in a pure state entails a considerable sacrifice in yield [22] . In 1942, Dunlop filed a patent demonstrating a method for the commercial production of 2-furoic acid [145] ; however, a recent patent literature describes an economically-advantageous method for the preparation of furoic acid and its derivatives by the employment of heterogenous catalytic processes from furfural or one of its derivatives in the liquid phase [146] .
Selected Uses/Applications
The knowledge of 2-furoic acid as a potent bactericide and fungicide is renowned. For example, it found use as a preservative in pasteurisation and sterilisation steps in the field of food, as a bactericidal and fungicidal agent. It may also be used as a flavoring agent, having achieved generally recognised as safe (GRAS) status in 1995 by the Flavour and Extract Manufacturers Association (FEMA) [22, 147] . Sajadi et al. [148] have investigated a series of activated and non-activated esters of 2-furoic and 2-furylacrylic acids and examined their antineoplastic activity in the Ehrlich ascites carcinoma screen at 20 mg/kg/day. It was demonstrated that 2-furoic acid and 2-furfylacrylic acid exhibited potent activity. They further showed that even the vinyl ester of 2-furoic acid possesses antineoplastic activity. In another study, a chemical compound containing 2-furoic acid was shown to be effective in the treatment of pancreatic cancer. This study that was carried-out by Nishi et al. [149] demonstrated that 5-(tetradecyloxy)-2-furoic acid (TOFA) induces apoptosis via depletion of fatty acids. Since cancer cells tends to have a high requirement for lipids, including fatty acids, cholesterol and triglyceride, due to their rapid proliferation rate compared to normal cells. TOFA proved to be a good inhibitor of acetyl-CoA carboxylase, as well as, fatty acid synthase; significantly supressing the proliferation of MiaPaCa-2 and AsPC-1 cells. The study, in its concluding argument, posited that TOFA presents a notable treatment for human pancreatic cancer cells.
The esters of furoic acid has been reported [47] ; and these find use as intermediates in the chemical, pharmaceutical and agrochemical industries. It is used in the synthesis of tetrahydrofuric acid, an important intermediate in the pharmaceutical industry. And can also be used as a precursor for the production of 2,5-FCDA [146] . It also find use as an effective antiknock agent. And has found use in the preparation of nylon used in the field of biomedical research [150] . Finally, studies has shown that 2-furoic acid may play significant role in the field of optical science and technologies in the future [151, 152] .
2-Methyl Furan
2-Methylfuran also known as sylvan, is a colourless liquid with the empirical formula C 5 H 6 O and has the chemical structure given in Fig. 10 .
Selected Uses/Applications
It is mainly used for the synthesis of pesticides, perfume intermediates and antimalaria drug (chloroquine) [153] . Its high solvent power makes it suitable as an industrial solvent, and it has been noted to have similar physical properties comparable to ethanol, hence, the possibility as promising biofuel component [60] . Fig. 9 Chemical structure of 2-furoic acid [22] 
Conclusion
With the renewed interest in sustainable and renewable chemical feedstocks, bio-based chemicals are gradually picking-up speed alongside petroleum-based chemistry. The furans has been used to demonstrate that inedible lignocellulosic biomass offers a vast array of possibilities and opportunities in derivable chemical compounds; in addition to, increased job opportunities in both the Agric and allied sectors, enhancing energy security and affording the possibilities of less dependence on petroleum-based chemicals.
Using this short survey, we demonstrated that, although, much work has been done in selected areas of interests on furan-based chemistry, notwithstanding, it remains a fact that, in a wider perspective, these class of chemical compounds and their derivatives still offers enormous application possibilities which will require broader studies both in fundamental and advanced theories; inclusive of the development of innovative materials, and better methodologies/ processes for the existing technologies, as the need for better and improved sustainable chemical feedstocks and/or materials expands.
